A general review of the wilson plot method and its modifications to determine convection coefficients in heat exchange devices.
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The heat transfer mechanism by convection entails to energy transfer between a solid surface and a moving fluid due to a prescribed temperature difference between the solid surface and the fluid. Heat transfer by convection is indeed a combination of conduction and fluid motion.
The analytical treatment of convection problems require the solution of a system of mass, momentum and energy conservation equations for a body geometry and fluid properties ending with the flow and temperature fields in the fluid. Although these procedures are elaborate, analytic solutions are available for simple geometries under restrictive assumptions. Most of the convective heat transfer processes inherent to heat exchangers usually involve complex geometries and intricate flows so that the analytical solutions are not possible. Therefore, an approach based on Newtonś law of cooling, Eq. 1, provides a simple alternate avenue. 
ORIGINAL WILSON PLOT METHOD
This Wilson plot method was developed by Wilson in 1915 [1] to evaluate the convection coefficients in shell and tube condensers for the case of a vapour condensing outside by means of a cool liquid flow inside. It is based on the separation of the overall thermal resistance into the inside convective thermal resistance and the remaining thermal resistances participating in the heat transfer process. The overall thermal resistance of the condensation process in a shell and tubes condenser (R ov ) can be expressed as the sum of three thermal resistances corresponding to 1) the internal convection (R i ), 2) the tube wall (R w ) and 3) the external convection (R o ), as shown in Eq. (2) .
For the sake of simplicity, the thermal resistances due to the fluid fouling in Eq. (2) 
where h i and h o are the internal and external convection coefficients, d i and d o are the inner and outer tube diameters, k w is the tube thermal conductivity, L w is the tube length and A i and A o are the inner and outer tube surface areas, respectively.
On the other hand, the overall thermal resistance can be conceived as a function of the overall heat transfer coefficient referred to the inner or outer tube surfaces and the corresponding areas. In this regard, in Eq. (4) the overall thermal resistance is expressed as a function of the overall heat transfer coefficient referred to the inner or outer surface (U i/o ) and the inner or outer
Taking into account the specific conditions of a shell and tube condenser and the equations indicated above, Wilson [1] theorized that if the mass flow of the cooling liquid was modified, then the change in the overall thermal resistance would be mainly due to the variation of the intube convection coefficient, while the remaining thermal resistances remained nearly constant.
Therefore, as indicated in Eq. (5) the thermal resistances outside of the tubes and the tube wall could be considered constant,
Wilson [1] determined that for the case of fully developed turbulent liquid flow inside a circular tube, the convection coefficient was proportional to a power of the reduced velocity (v r ) which accounts for the property variations of the fluid and the tube diameter. Thus, the convection coefficient could be written according to Eq. (6).
where C 2 is a constant, v r is the reduced fluid velocity and n is a velocity exponent. Then, the convection thermal resistance corresponding to the inner tube flow is proportional to 1/v r n .
Further, upon combining Eqs. (2), (5) and (6) , the overall thermal resistance turns out to be a linear function of 1/v r n ; this is represented graphically in Fig. 1 . An inspection of the correlation equation (7) indicates that C 1 is the intercept and 1/(C 2 ·A i ) is the slope of the straight line.
On the other hand, the overall thermal resistance and the cooling liquid velocity can be obtained by experimentally measuring the inlet temperature (T l,in ), the outlet temperature (T l,out ) and the determined, then the external and internal convection coefficients for a given mass flow rate can be evaluated from the combination of Eqs. (6) and (9) .
The above exposition is the original Wilson plot method [1] . It relies on the fact that the overall thermal resistance can be extracted from experimental measurements in a reliable manner. As number (m A ) in Eq. 10) have to be assumed.
Later on, correlation equations attributable to Petukhov [12] and Gnielinski [13] contained an unknown multiplier as part of the general functional forms for turbulent forced convection. These general functional forms are applicable to laminar forced convection as well. There are also situations where the mass flow rate of the fluid undergoing a phase change process is varied.
Moreover, there are also applications involving phase change where the convection coefficient is modified by changing the inlet flow quality (X). In these cases, appropriate correlation [ ]
Early applications of the above modification are the topic of four publications by Young et al.
[ [14] [15] [16] [17] . These papers contained different ensembles such as the contact thermal resistance of bimetal tubes [14] , heat transfer in clean finned tubes [15] , fouling in finned tubes and coils [16] , and fouling in shell-and-tube heat exchangers operating in a refinery [17] . In all these works, the outside tube thermal resistance was taken as a constant and the in-tube convection coefficient was expressed by the general form of the Dittus-Boelter equation [10] for water as proposed by
McAdams [18] . The application of the Wilson method was corroborated in terms of the corresponding quantities.
Recent papers devoted to the use of the modified Wilson plot method are reviewed in the forthcoming paragraphs. These papers are grouped according to the type of heat transfer process considered, but most of them are related with condensing gases. Chang and Hsu [19] applied the modified Wilson plot method to analyse the condensation of R-134a on two horizontal enhanced tubes with internal grooves. The authors considered the functional form of the Dittus-Boelter equation [10] for the convection coefficient of water flowing inside the tubes and a constant thermal resistance for the condensing fluid. Later, Da Silva et al. [20] used the correlation obtained by Chang and Hsu [19] for the water-side convection coefficient to study the electrohydrodynamic enhancement of R-134a condensation over the same type of enhanced tubes. Cheng et al. [21] studied the condensation of R-22 on six different horizontal enhanced tubes using water flowing inside the tubes. The Dittus-Boelter correlation equation [10] was the vehicle to obtain the water convection coefficient, whereas the condensing thermal resistance was taken as constant. Subsequently, the convection coefficients for the tested tubes were extracted by means of the Wilson plot. Kumar et al. [22] reported a similar analysis of [21] to estimate the steam condensing convection coefficient over three different types of horizontal cooper tubes. However, in this work the Sieder-Tate correlation equation [4] was modified to account for the entrance effects in short tubes. The functional form was associated with Aprea et al. [32] determined the boiling convection coefficients of refrigerants R-22 and R-407C
in a tube-in-tube evaporator. In this sense, the refrigerant flows inside the inner tube as opposed to a water-glycol solution that moves through the annulus. The inner thermal resistance was considered constant and the annulus-side convection coefficient was assumed to follow the Dittus-Boelter correlation equation [10] . Not only the boiling convection coefficients for the two refrigerants were obtained, but they were compared against different correlation equations.
Finally, specialized applications have been investigated such as Hariri et al. )
Utilizing the general expressions given by Eqs. (11) and (14), the overall thermal resistance is supplied by Eq. (15) . Despite that this equation has a nonlinear character, it can be easily rearranged into a linear functional form. This is doable in such a way that the slope depends on the constant C A only and the intercept between the regression line and the thermal resistance axis delivers the constant C B as shown in Eq. (16) . Thereafter, the application of the Wilson plot as indicated in Fig. 3 is synonymous with for the determination of both multipliers, C A and C B .
[ ]
This systematic procedure was initially described by Young and Wall [36] , who applied it to a heat exchanger owing two single-phase fluids. However, most of the references that referred to it dealt with condensation processes on tubes with cooling turbulent liquid circulating inside. The functional forms contemplated rest on the Nusselt theory [31] for the condensing side and on well-known correlation equations due to Dittus-Boelter [10] , Sieder-Tate [4] or Gnielinski [13] , all corresponding to turbulent flows inside the tubes. Kumar et al. [37] extended this procedure for the calculation of the condensing convection coefficient of steam and R-134a over a plane wall and different finned cooper tubes. A suitable combination of the Nusselt theory [31] and the Sieder-Tate correlation equation [4] were considered for the condensing and the inner convection coefficients. Singh et al. [38] repeated the same type of analysis to study the condensation of steam over a vertical grid of horizontal integral-fin tubes. In this case, the authors modified the Sieder-Tate correlation equation [4] to incorporate the entrance effects in short tubes. Hwang et al. [39] also adopted the same approach to study the heat transfer characteristics of various types of enhanced titanium tubes. These authors focused on the condensation of steam over the tubes, which are internally cooled by water.
Abdullah et al. [40] and Namasivayam and Briggs [41, 42] the cooling water. However, in the three papers the unknown constants are delimitated by the minimization of the sum of squares of residuals of the overall temperature difference. Rose [44] discussed this procedure to calculate the unknown constants. Ribatski and Thome [45] also applied this modified scheme of the Wilson plot to resolve for the proper convection coefficient for nucleate boiling of R-134a on four different enhanced tubes that are commercially available.
The heating medium was water flowing inside the tubes. In this case, the boiling convection coefficient was assumed proportional to a power of the heat flux, being the exponent 0.7. The inner convection coefficient was expressed in the form compatible with Gnielinski correlation equation [13] . At the end, the Wilson plot was obtained by varying the mass water flow for constant wall heat flux.
Determining more than two constants.
The most general conceptualization of the Wilson plot method involves three constants, two of them corresponding to the assumed functional form for one of the two fluids. Usually, the third unknown constant stands for the exponent of the flow parameter inherent to one of the fluids.
This unknown constant does not behave linearly, and needs to be found by an iterative procedure forcibly. Initially, Briggs and Young [46] [47] Further details about the CFD analysis appeared in Van der Vyver et al. [58] . An identical analysis was carried out by Coetzee et al. [59] to study the heat transfer behaviour of a tube-intube heat exchanger with angled spiralling tape inserts in the annulus. The analysis done in [59] , was embraced by Louw and Meyer [60] with the goal at quantifying the convection coefficients. Da Veiga and Willem [61] picked out the same technique to figure out the convection coefficients in the hot and cold water sides of a semicircular heat exchanger. Kedzierski and Kim [49] also applied the Wilson plot modified as proposed by Briggs and Young [47] to obtain the convection coefficient for an integral-spine-fin annulus in a tube-in-tube heat exchanger. However, in this case, the functional form of the annulus side includes an additional term to account for the thermally developing boundary layer. Experiments were carried out with water and 34% and 40% ethylene glycol/water mixture to determine the Prandtl number exponent of the annulus side too. Then, the modified Wilson plot was implemented in an iterative procedure that calculated the exponents of the Prandtl number and the additional term Therefore, the application of the Wilson plot methods in a previous stage facilitates the determination of more accurate correlation equations that incorporate the particular features of the experimental equipment. In this section, a review of these indirect applications is addressed.
However, it is noteworthy that, if the Wilson plot method is applied indirectly, usually the authors only quote its application and do not provide detailed information on how it was implemented.
Therefore, the aim of the references to be cited lists the great variety of indirect applications that have been tackled by researchers. These references have been grouped according to the type of heat transfer process considered.
Kuo and Wang [72] analyzed the evaporation of R-22 in a smooth and in a micro-fin tube considering a tube-in-tube configuration with heating water in the annulus. By way of the modified Wilson plot method, the water convective coefficient in a water-to-water analysis was extracted. The Dittus-Boelter correlation equation [ inside the tubes using a water-to-water counterflow configuration in a tube-in-tube heat exchanger. They considered the functional form of the Dittus-Boelter correlation equation [10] in the first reference and the Gnielinski correlation equation [13] in the last three. Gstoehl and Thome [111] examined the condensation of R-134a on tube arrays with plain and enhanced surfaces. The Wilson plot method was coupled with a tube-in-tube configuration to transform the inside tube convection coefficient into the Gnielinski equation [13] . However, a peculiarity of this case is that nucleate pool boiling was chosen for the annulus. Zhnegguo et al. [112] experimental analysis of a shell-and-tube heat exchanger for the cooling of hot oil with water.
The heat exchanger consisted of a helically baffled shell and a bundle of 32 petal-shaped finned tubes. The tube-side convection coefficient was nondimensionalized into the standard Dittus-Boelter equation [10] .
Additionally, plate heat exchangers were linked with the Wilson plot method. Vlasogiannis et al.
[113] analyzed a plate heat exchanger under two-phase flow conditions using air/water as the cold stream and water as the hot stream. The single-phase convection coefficient was characterized by an extension of the Wilson plot method accounting for symmetry in the two streams of the plate heat exchanger. The functional form of the Dittus-Boelter correlation equation [10] was instrumental for the convection coefficients of both streams. Both, the multiplier and the Reynolds number exponents were identified by applying this particular modification of the Wilson plot method. Longo et al. [114] investigated the vaporisation and condensation of R-22 inside herringbone-type plate heat exchangers with cross-grooved surfaces using water as heating/cooling medium. The water-side convection coefficient was obtained in a water-to-water arrangement following the footsteps of Vlasogiannis et al. [113] .
The papers by Yan et al. [115] and Hsieh et al. [116] refereed to the characteristics of flow condensation and flow boiling of R-134a in a vertical plate heat exchanger. Kuo et al. [117] and Hsieh and Lin [118] tackled the condensation and boiling of R-410A in a vertical plate heat exchanger also. In the four references cited above, the water convection coefficient related to a separate single-phase water-to-water test was manipulated with the Wilson plot method. Rao et al. [119] united experimentally and theoretically effects of flow maldistribution on the thermal performance of plate heat exchangers. The convective coefficients were converted into the Dittus-Boelter equation [10] . The constant multiplier and the Reynolds number exponent were treated with a modified Wilson plot method.
Finally, the reference of Kim et al. [120] was devoted to an experimental investigation on a counterflow slug flow absorber with an ammonia-water mixture. The absorber tested consisted of a vertical tube-in-tube with the mixture flowing in the inner tube and the cooling water in the annular part. The Wilson plot method was able to extract the convective on the side of the cooling water. In sum, the correlation equation expressed the Nusselt number as a power law of the Graetz number.
Conclusions
The general conclusions that could be drawn from the review paper is that the Wilson plot Other modifications revolve around the determination of three of more constants, encompassing a second linear regression equation and iterative schemes or even advanced mathematical tools.
The range of applications of the Wilson plot methods, either directly or indirectly, includes a large variety of convective heat transfer processes and heat exchangers encountered in industry. Owing that more than one hundred publications are reviewed, it is believed that this effort will provide useful information for future users. 
